For a compressed air energy storage (CAES) system to be competitive for the electrical grid, the air compressor/expander must be capable of high pressure, efficient and power dense. However, there is a trade-off between efficiency and power density mediated by heat transfer, such that as the process time increases, efficiency increases at the expense of decreasing power. This trade-off can be mitigated in a liquid (water) piston aircompressor/expander with enhanced heat transfer. However, in the past, dry air has been assumed in the design and analysis of the compression/expansion process. This paper investigates the effect of moisture on the compression efficiency and power. Evaporation and condensation of water play contradictory roles -while evaporation absorbs latent heat enhancing cooling, the tiny water droplets that form as water condenses also increase the apparent heat capacity. To investigate the effect of moisture, a 0-D numerical model that takes into account the water evaporation/condensation and water droplets have been developed. Results show that inclusion of moisture improves the efficiencypower trade-off minimally at lower flow rates, high efficiency cases, and more significantly at higher flow rates, lower efficiency cases. The improvement is primarily attributed to the increase in apparent heat capacity due to the increased propensity of water to evaporate.
Introduction
A grid scale energy storage that is economical and dispatchable is key to meeting the challenge of integrating more and more renewable energy in the electrical grid. Since renewable energy such as wind or solar are intermittent, variable and unpredictable, without energy storage, backup power plants are needed to compensate for the mismatch between power supply and demand. Currently, most of these back up power plants, known as "peaker" plants are natural gas turbine generators that use fossil fuels and are expensive to construct, maintain and operate. Compressed air energy storage (CAES) is widely believed to be a viable means for storing large amount of energy.
In recent years, an Open Accumulator Isothermal Compressed Air Energy Storage (OAICAES) system has been proposed [1] as a cost effective, scalable, fossil-fuel free, dispatchable approach for grid scale energy storage. Whereas a traditional CAES stores the compressed air in underground salt caverns and reuses the energy by mixing the compressed air with fuel in natural gas turbine, the OAICAES does not use any fossil fuel and stores and reuses energy by compressing and expanding the air using a near isothermal compressor/expander. This results in a much higher overall efficiency. In addition, with the open accumulator architecture, the energy storage density can be increased by 5-6 times so that compressed air can be stored in pressure vessels without geographical restrictions on the availability of underground caverns. The system can also be directly integrated with a wind turbine.
A key element of the OAICAES is the near-isothermal air compressor/expander that compresses/expands air from/to at-FIGURE 1. A gourd shaped liquid piston compressor/expander with porous media. Note that the current study assumes a cylindrical compressor/expander. mospheric pressure to/from 200bar. The compressor/expander would be most efficient if the compression/expansion processes are isothermal. However, this is often at the expense of power density as long cycle times are needed to allow for heat transfer, so that large (and expensive) compressor/expanders are needed to satisfy the required power. To improve the trade-off between efficiency and power density, a liquid (water) piston compressor/expander that uses the movement of the water column to compress and expand the air above it has been proposed ( Fig.  1 ) [2] . This allows the use of porous media to dramatically increase the heat transfer area [3] [4] [5] . The liquid also forms an excellent seal for the compressed air. By optimizing the liquid piston's trajectory, further improvement can be obtained [6] . Adding a spray to introduce droplets into the system will also increase the compression efficiency [7] . Overall, two orders of magnitude increase in power density can be achieved without sacrificing efficiency [8] .
The models used in our previous work for the design and analysis of the liquid piston air compressor/expander have assumed that the air in the chamber is completely dry despite it being in contact with the water piston and the possible presence of water films on the porous media. This paper aims to study the effect of moisture in the air on compressor/expander performance which has not been studied in the past. The presence of moisture has two contradictory effects. On the one hand, evaporation absorbs latent heat that helps to keep the compressed air cool; on the other hand, condensation into tiny water droplets suspended in air increases the heat capacitance and heat transfer surface area. Which effect is more important is not clear a-priori. This is compounded by the fact that significant temperature and pressure variations, which affect evaporation/condensation, occur during the compression/expansion cycle.
To investigate the effect of moisture, a 0-D numerical model that considers phase change and heat transfer to/from water droplets is developed in this paper. The 0-D are exercised in the compression mode, with and without moisture, and for different liquid piston speeds. Results show that presence of moisture improves the efficiency-power trade-off minimally at lower flow rates, high efficiency, lower temperature cases, and more significantly at higher flow rates, lower efficiency and higher temperatures cases. Spatial variations of the variables are studied in [9] where the 0-D model is extended to a 1-D spatially distributed model.
The rest of the paper is organized as follows. In Section 2, the system description and the 0-D is developed. The simulation results for different compression rates are presented and discussed in Section 3. Concluding remarks are given in Section 4.
System Description and 0-D Model
We consider the 2nd stage compressor/expander for compressing and expanding air between 7bar and 200bar. The compression/expansion chamber is cylindrical with a diameter of 76mm and length of 483mm which corresponds to the experimental setup in [5] . At the beginning of compression, the chamber is filled with air at the initial air pressure of 7bar. As water is pumped into the chamber from the bottom, the air volume decreases and the pressure of the air inside the chamber increases. The chamber can be empty or filled uniformly with porous media. In the latter case, the porous media increases the surface area for heat transfer. There is also likely a thin film of water on the surfaces.
The air is assumed to be saturated with water vapor at all times such that the vapor pressure of water is the same as the saturated vapor pressure for water. As chamber volume decreases, water is assumed to condense homogeneously into tiny droplets suspended in the air. The diameters of the water droplets are assumed to be small such that they are in thermal equilibrium with the air surrounding them. Hence, the suspended water droplets serve to increase the heat capacitance of the air. In this paper, both air and water vapor are assumed to be ideal gases.
As temperature increases, the saturated vapor pressure increases and there is an increased tendency for the water to evaporate. Latent heat is absorbed or released by the water during evaporation and condensation respectively. Evaporation tends to keep the air cool but condensation tends to increase the air temperature.
In the 0-D model, the entire air and moisture in the compression/expansion chamber is assumed to be uniform. Let the decreasing chamber volume be V (t), temperature be T (t) and the air density be ρ(t). The total pressure P is:
where P air (T, ρ) is the partial pressure of air, and P s (T ) is the saturated vapor pressure for steam. With the ideal gas assumption,
P s (T ) is computed using the Antoine equation (with P s expressed in mmHg and T expressed in degC) [11] :
with A s = 8.07131, B s = 1730.63 degC, and C s = 233.426 degC for temperature below 100 degC and A s = 8.14079, B s = 1810.97 degC, and C s = 244.485 degC for temperature above 100 degC. Let U s (T, ρ) be the specific internal energy of air given by U s (T, ρ) = C v · T if air is treated as an ideal gas, where C v = 718J/kg/K is the constant volume specific heat capacity. Similarly, let C w = 4200J/kg/K and C vs = 1410.8J/kg/K be the constant volume specific heat capacities of liquid water and steam respectively.
Applying the first law of thermodynamics, neglecting the potential and kinetic energies of the gases, the energy equation can be written asU
where U tot is the internal energy of the air, water and steam within the air volume above the liquid chamber, −PV is the boundary work by the liquid piston, with −V = Q, the liquid piston flow rate, P is the total pressure, and HT is heat transfer (rate) out of the system. Changes in internal energy of the air, water and steam due to temperature change and phase change is:
where ∆H = 2260KJ/kg is the specific latent heat of evaporation. It is assumed that as water evaporates, the aerosols are turned into steam, and as steam condenses, they condense back into aerosols and there is no condensation on surfaces. Hence,
Together with the ideal gas assumption,
where R s is the gas constant for steam, we havė
Substituting this into (5) results in:
Substituting this into (4) and rearranging,
The equation can be further simplified using
so that Eq.(10) becomes:
where
The terms A(T, ρ, m w , m s ) and B(P, T, ρ) are referred to as the apparent heat capacitance and apparent pressure. Note that the second term in B is only present for non-ideal gas.
The heat transfer term HT in (12) can be found using a convective heat transfer model from the air volume to the wall and to the porous media which are assumed to be at ambient temperature. Two heat transfer cases are considered:
1. empty chamber 2. the chamber is filled with porous media. The porous media is assumed to be the parallel plate heat exchanger studied in [3, 5] with a porosity of 70%, a surface area per volume of 655 m −1 , and a hydraulic diameter D h of 0.0025 m .
The heat transfer is given by:
where A(t) is the varyig heat transfer surface area of the cylinder walls and porous media surfaces (if present) as a function of liquid piston position). The heat transfer models differ between the two cases. The convective heat transfer coefficient for the porous media case was found computationally using detailed CFD studies taking both natural and forced convection into account [3] . The Nusselt number was found to be
The mean air velocity used in the Reynolds number is taken to be half of the liquid piston velocity. From Eqs. (12)- (14), we see that moisture has effect on both the apparent heat capacitance A(T, ρ, m w , m s ) and on the apparent pressure B(P, T, ρ). In the absence of moisture, A(T, ρ, m w , m s ) is just the heat capacitance of air and B(P, T, ρ) is just the pressure (if air is an ideal gas). Moisture has two effects on the apparent heat capacitance A(T, ρ, m w , m s ): 1) the water droplets and steam offer additional heat capacitance; 2) it changes the apparent heat capacitance of air due to the fact that variation in temperature causes water to evaporate or condense. Effect on B(P, T, ρ) changes the apparent boundary work as changes in volume induce water to evaporate or condense absorbing and releasing latent heat.
Simulation Results
The 0-dimensional model is simulated with and without porous media for the compression process from 7bar to 200bar. Case studies with five different constant flow rates are performed: 5 cc/s, 20 cc/s, 100 cc/s, 400 cc/s, and 800 cc/s. The slowest flow rate case is close to an isothermal compression while the fastest flow rate case simulates an adiabatic compression.
Figs. 2-5 show the volume, temperature, droplet mass and vapor mass for the different flow rates for the cases without porous media. The time trajectories were viewed to intuitively determine the validity of the model but pressure was used as the independent variable in the plots to allow different flow rates to be compared. In these figures, the processes proceeded from left to right.
From Fig. 3 , the temperature is greater with a higher flow rate, because the heat transfer has less time to take effect. As a result, the volume in Fig. 2 is greater for the same pressure according to the ideal gas law. From Figs. 4-5 , the water droplet mass were formed only for the slower flow rates whereas water vapor contents are higher for high flow rate cases. These trends correlate with the temperature being higher for the high flow rate cases which inhibit condensation but encourage evaporation. The results for the cases with the porous media were plotted in Figs. 6-9. Compared to the empty chamber cases, the same qualitative trendes are observed for different flow rates. However, for the same flow rate, the temperature and amount of water vapor are smaller, and the amount of water drop are larger. These trends are consistent with improved heat transfer leading to lower temperature and more condensation.
To evaluate the effect of moisture on the compressor performance, efficiency of compression is plotted against the power density in Figs. 10-11 . Efficiency is defined to be ratio between the isothermal work to compress the same amount of air (which is also the stored energy) and the actual work input [1] . This includes the ejection work but excludes the work by the initial pressure of 7 bar which is taken to the pressure of the 1st stage compressor. Power density is defined as the isothermal work divided by the compression time. Fig. 10 and Fig. 11 show that there is an efficiency-power density trade-off with and without steam for the empty chamber case and for the porous media filled case respectively. For the empty chamber case, moisture increases the efficiency significantly (from 62% to 72%) for the high flow rate, high power density, low efficiency cases, whereas for the low flow rates, high efficiency, low power cases, the improvement is minimal. For the porous media filled chamber case, the presence of steam also increases efficiency at the same power density. However, the improvement is much less. For example at the highest power density, the improvement is only 0.2%.
To determine what contributes to the improvement in the steam case and why a larger improvement is observed at higher flow rates, the apparent heat capacity term A(T, ρ, m w , m s ) and the apparent pressure term B(P, T, ρ) in (13)-(14) are plotted in Figs. 12-13 for the empty chamber case. Increasing B(P, T, ρ) will have a tendency to increase temperature and reduce efficiency; whereas increase in A(T, ρ, m w , m s ) has the tendency to reduce temperature. From Figs. 12-13 , we see that B increases marginally at low flow rates but is doubled at at high flow rates. On the other hand, A(T, ρ, m w , m s ) increases by less than 50% for low flow rates, but it is increased by more than 5 times at high flow rates. This suggests that at low rates the effect of B and A more or less cancel out; but at high flow rates, the effect of A increasing dominates contributing to lowering temperature and increasing efficiency.
The increase in apparent heat capacity A for the empty chamber case can be further broken down into the ε term in (13) (Fig. 14) and the heat capacities of water droplets (Fig. 15 ) and of steam (Fig. 16). Figs. 14, 15 and 16 show that the contribution due to additional heat capacities of water and steam is small compared to that of ε, especially at high flow rates. This is de- spite the fact that the heat capacities due to steam increases up to 15% of the air at high flow rates. The effect due to water droplets is minimal (< 2%). Therefore, the ε term, which is due to the propensity of water to evaporate at increased temperature, contributes predominantly to the effect of increasing the efficiency at higher flow rates.
The same figures were plotted for the case with porous media added to the chamber in Figs. 17-21 . From Figs. 17-18 , the same trends are apparent as with the empty chamber case. We see that B increases marginally at low flow rates, but is increased by up to 35% at higher flow rates. On the other hand, A(·) in- creases be less than 10% for low flow rates, but is increased by 2.5 times at higher flow rates. As with the empty chamber case, this suggests that at lower flow rates, the effect of B and A more or less cancel out; but at higher flow rates, the effect of A increasingly dominates contributing to lowering temperature and increasing efficiency. However, the effect is less pronounced for the porous media case than with an empty chamber.
The contributions to the apparent heat capacity A for the porous media case are shown in Fig. 19-21. Figs. 19, 20 and 21 show that the contribution due to additional heat capacities of water and steam is small compared to that of ε, especially at high flow rates. Heat capacities due to steam increases up to 3% of the air at high flow rates, and heat capacities due to water droplets is minimal (< 1%). Therefore, the ε term, which is due to the propensity of water to evaporate at increased temperature, again contributes predominantly to the effect of increasing the efficiency at higher flow rates.
In [9] , a more detailed 1-D model was developed to investigate the effect of spatial variation. The temperature profile for a 400cc/s flow rate simulation, compared with the results from the 0-D model is shown in Fig. 22 . This indicates that the 0-D model compares well with the 1-D model although there is spatial temperature variation at the top and bottom of the compression chamber. Figs. 10-11 also show that the efficiency-power density tradeoff predicted by the 0-D and 1-D models are also very similar. 
Conclusion
The objective of this paper was to determine the effect of water droplets in the air volume during the compression phase for a CAES system. A 0-D model was developed to compare efficiency-power density trade-off with or without moisture.
By simulating the models with different constant flow rates, it was found that at compression efficiencies greater than 85%, the differences between the steam and no steam cases are minimal. And at efficiencies below that threshold, the steam case resulted in a higher efficiency than the no steam case. This meant the differences were greater for the empty chamber case since the heat transfer from the air volume to the ambient conditions were less than if porous media was included in the chamber. The mechanism for increasing efficiency is found to be mainly the increase in the apparent specific heat capacity of air due to the increased propensity of water to evaporate. Since this effect is increased at increased temperature, the improvement in efficiency due to moisture is also significant at high flow rate, low efficiency, high temperature scenarios. On the other hand, the contribution due to additional heat capacities of water droplets and of steam is much smaller.
A comparison of the 0-D model and a more detailed 1-D model indicates that the 0-D model with no moisture is adequate for computing the efficiency power-density trade-offs when efficiency is expected to be high, such as when porous media and relatively long compression times are used.
